Microtubules play an essential role in eukaryotic cells, where they perform a wide variety of functions.
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Materials and Methods
Preparation of tubulin
Tubulin purification from bovine brain and preparation of GTP-tubulin complexes was performed as described [14] . To obtain GDP-tubulin, microtubules were assembled at 37°C during 20 min from pure tubulin (100 µM) in the presence of 1 mM GTP in a PEM buffer (100 mM Pipes, 1 mM EGTA, 1 mM MgCl 2 ) with 5 mM MgCl 2 and 30% glycerol. Then microtubules were centrifuged at 100,000 g during 45 min at 37°C, v:v on a cushion containing PEM buffer with 60% glycerol. GDP-tubulin dimers were obtained after dilution of the microtubule pellet in PEM buffer at 4°C.
Immunoaffinity column
A modification of an immunoadsorption procedure described in [15] was used to isolate proteins binding to tubulin dimer. The immunoadsorbent gel was prepared by covalently coupling the rat monoclonal antibody YL1/2 [16] . This antibody reacts specifically with the carboxy-terminus of tyrosinated α-tubulin. Pure tubulin was maximally tyrosinated [15] and was loaded onto the column of immobilized YL1/2 antibody. We routinely load 4 mg of maximally tyrosinated tubulin onto a 300 µl column. After 10 min, the column was washed with 20 volumes of PEM buffer containing 0.1 M NaCl to eliminate non tyrosinatable tubulin, followed by 5 volumes of PEM buffer. Then cell extracts (600 µl at 20-25 mg/ml) were loaded onto the column and let in contact with the gel for 15 min. The column was then extensively washed with 40 volumes of PEM buffer. Proteins adsorbed on YL1/2 antibody were eluted with 10 volumes of PEM buffer containing a competing peptide (74 µM; named V12 peptide) which sequence matches the 12 carboxy-terminal amino-acids of tyrosinated tubulin.
Eluted fractions (300 µl each) were collected and analyzed on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Finally, protein bands from the most concentrated fraction (generally the third fraction) were excised from the gel and identified by mass spectrometry. To ascertain the absence of polymerized tubulin in samples, we performed all steps of chromatography at 
Mass spectrometry and protein identification
Tubulin-associated proteins were resolved by one-dimensional polyacrylamide gel electrophoresis and stained with Coomassie. Discrete bands were excised from the Coomassie blue-stained gel. The in-gel digestion was carried out as previously described [17] . Gel pieces were then extracted with 5% [v/v] formic acid solution and acetonitrile. After drying tryptic peptides were resuspended in 0.5% aqueous trifluoroacetic acid. The samples were injected into a LC-Packings (Dionex) nanoLC (nanoflow liquid chromatography) system and first preconcentrated on a 300 µm X 5 mm PepMap C18 precolumn. The peptides were then eluted onto a C18 column (75 µm X 150 mm 
Results
Isolation of tubulin dimer associated proteins
Tubulin affinity chromatography was used to purify tubulin dimer binding proteins from cell and brain extracts. The protocol is schematically depicted on Fig. 1 .
We used a competing peptide (V12 peptide) to elute proteins absorbed onto the affinity column. We verified that this modified procedure allowed a good recovery of tubulin. For this, 8 mg of tubulin were loaded onto 600 µl-column coupled to YL1/2 antibody. After washings, the column was eluted by V12 peptide. Microtubule assembly from eluted tubulin (elution fraction 3, 9.5 µM)
demonstrated that tubulin was not denatured by chromatography process (Fig. 2 ).
We used different experimental conditions for the characterization of the tubulin dimer binding proteome, modifying either the tubulin bound to the column or the cellular extract loaded onto the column.
It is believed that tubulin can exist in two distinctive conformations, a GTP conformation and a GDP conformation [18] . Tubulin with the GTP conformation assembles into microtubules. The GTP hydrolysis occurs upon assembly, which gives rise after microtubule disassembly to GDP-tubulin complexes unable to polymerize. Both tubulin complexes could bind different sets of proteins in the cell cytoplasm. In an attempt to identify such different proteins, tubulin either in the GTP conformation (named GTP-tubulin) or in the GDP conformation (named GDP-tubulin) was loaded on the chromatography column ( to the normal occurrence of α and β-tubulin, fourteen other proteins were identified (Table 1) . No significative difference could be detected in the elution profiles obtained after the pre-loading of the column with GDP-tubulin instead of GTP-tubulin (not shown).
Fig . 2B shows the SDS-PAGE analysis of the fraction eluted after loading of the column with
HeLa cell extracts synchronized in G2/M phase. Nine major bands were cut and analyzed by LC-MSMS method. Ten proteins could be identified from these bands ( Table 1) .
The identified tubulin associated proteins can be classed in 4 groups ( Table 2 ): 1) proteins with previously described tubulin dimer association; 2) TOGp, a protein previously described as MAP;
3) heat shock proteins and co-chaperones, mainly HSP90 and HSP70 protein families; 4) proteins that
were not shown previously to bind tubulin dimer or microtubules, detected only in mitotic HeLa cells.
Finally, several proteins found in eluted solutions share the same epitope or have strong homologies with the tyrosinated α-tubulin C-terminus: EB1 (C-terminus: EEY); CaCyBP, Niban-like protein (C-terminus: EF); RNR2 [19] . Probably these proteins have been isolated during our procedure because they directly react with YL1/2 antibody.
2-EB1 does not bind tubulin dimer
We tested the direct binding of EB1 to YL1/2 antibody. For this, 100 µl of a solution containing EB1 at 80 µM was load onto YL1/2 coupled column. After washings, the column was eluted and EB1 was found elution fractions (not shown).
EB1 belongs to a protein family involved in the regulation of microtubule dynamics [20] .
There is some experimental evidence that EB1 binds tubulin [11] , thus it was possible that the interaction of EB1 with YL1/2 antibody hid its association with tubulin.
We used sucrose gradient centrifugation to test whether EB1 directly binds to the tubulin dimer. To do this, we used native GTP-tubulin and an EB1 construct containing an histidin tag in Nterminus. This construct had been previously tested and the protein remained active with the histidin tag (A. Popov, personal communication). GTP-tubulin was loaded at the top of a sucrose gradient. In case of a weak interaction between the 2 proteins, it could be hypothesized that the complex could dissociate during sedimentation. To prevent this dissociation, EB1 was included in the whole gradient 06/05/2009 before centrifugation. Fig. 4 shows that whether EB1 was present or not, tubulin sedimented at the same level. We tested if the GTP versus GDP-tubulin status could influence EB1 binding. We thus deposite GDP-tubulin at the top of the gradient and sedimented with EB1 in similar conditions. No modification of the sedimentation behavior of tubulin was observed (not shown).
We conclude that there is no association between EB1 and tubulin dimer.
3-HSC70 does not bind native tubulin dimers
Several studies have indicated a possible interaction between 70 kDa-heat shock protein family and microtubule dynamics [21, 22] . As we found HSC70 in the eluted fractions from both HeLa and rat brain extracts (Fig. 3 , Table 1 ), we tested the direct interaction of HSC70 with tubulin dimer using a sedimentation assay. In control experiment, GTP-tubulin or HSC70 were loaded at the top of a separate continuous 5-20% sucrose gradients and centrifuged. Tubulin peak was found in fraction 12 ( Fig. 5A ) and HSC70 peak in fraction 9 (Fig. 5B) . Then we tested if HSC70 and tubulin could cosediment by loading both of them on the top of the gel (Fig. 5C ). We found no difference in HSP70 sedimentation whether the protein was centrifuged alone, or with tubulin ( Fig. 5D ), demonstrating that there was no detectable stable association between tubulin and HSC70. In another experiment, HSC70 was loaded in the whole gradient before centrifugation. No shift was observed in tubulin peak after centrifugation (not shown). The use of GDP-tubulin instead of GTP-tubulin did not modify these results.
HSC70 binds tightly to ATP and ADP. The nucleotide is bound to the N-terminal domain of HSC70 and used to drive conformational changes in the C-terminal peptide binding domain that alters its affinity for substrates [23] . In order to test a potential interaction of both nucleotide-bound forms of HSC70 with tubulin, ATP (0.5 mM) or ADP (0.5 mM) were added to the gradient before centrifugation. HSC70 and tubulin peak did not move after centrifugation (not shown).
These results show that, under these conditions, we could not detect any association between HSC70 and native tubulin dimer.
The possible association of HSC70 with microtubules was also investigated. To do this, tubulin (10µM) was assembled in the presence of HSC70 (50µM) in a microtubule stabilizing buffer 06/05/2009 containing PEM buffer with taxol (2mM), glycerol (20%), MgCl 2 (5mM), GTP (1mM) and ATP (1mM), during 30 min. Then microtubules were centrifuged at 100000g during 1 hr at 30°C.
Supernatant and pellet were collected and analyzed on SDS-PAGE. Fig. 5D shows that HSC70 was found in the supernatant in the absence or in the presence of microtubules, demonstrating that there was no association between HSC70 and microtubules.
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Discussion
In this study, we identified tubulin heterodimer-binding proteins, using an affinity chromatography method followed by mass spectrometry detection.
Our method allowed keeping tubulin in its native form. Indeed, tubulin eluted using the above conditions remained functional and could assemble into microtubules in standard conditions. The Cterminus of α-tubulin bound YL1/2 in the chromatography column. Therefore, proteins associated with this part of tubulin dimer, like CLIP170 [24] , were excluded from our screening.
Surprisingly, a limited number of proteins binding to tubulin heterodimer was identified. It could be possible that tubulin binding proteins identification was not totally exhaustive, because some proteins were more represented than others in cell extracts. Actually, tubulin was highly represented because of the chromatography procedure itself. Many isoforms of heat shock proteins were also identified in extracts. Although we used a method allowing detection of several proteins in one single band, it cannot be excluded that proteins in very low concentration would not be detected.
Several detected proteins bound directly YL1/2 antibody through their C-terminal part, as did α-tubulin. We do not know at this step whether this similarity is purely coincidental or has functional significance.
Among these proteins, EB1 is an end-binding protein that regulates microtubule dynamics [8] .
We did not detect EB1-tubulin interaction using sucrose gradient centrifugation, contrary to previous results [11] using co-immunoprecipitation assay with EB1 and tubulin. Although the reason of this discrepancies could come from experimental differences, our result indicates that either tubulin-EB1
binding is weak and transitory, or it is indirect.
Numerous heat shock proteins and co-chaperones were also identified among eluted proteins in all our experiments. The 2 major protein bands corresponded to HSP90 and HSP/HSC70. It has been shown that HSP90 inhibits in vitro microtubule assembly [25] . Several studies have described a colocalization of HSP/HSC70 with microtubules, and suggested a direct effect of these proteins on microtubule dynamics, although the matter is still debated (for a review, see [21] ). However, we show using sedimentation assay that there is no direct association between HSC70 and tubulin dimer or microtubules. This is not in accordance with previous published results showing binding between 06/05/2009 HSP70 and microtubules [26] . A possible explanation of such a discrepancy is that HSC70 and HSP70
do not interact similarly with tubulin.
The presence of HSC70 in eluted fractions after chromatography process could have several explanations. If some tubulin molecules adsorbed on the column were degraded, HSC70 could function as a chaperone and bind degraded molecules. However, we checked that assembly properties of tubulin were not altered after elution, showing that there was no detectable tubulin degradation (Fig.   2 ). Alternatively, HSC70 could bind tubulin indirectly, through multiprotein complex with cochaperones, several of them being detected in eluted fractions. Two other proteins associated to HSC70 were also found after elution, stathmin and clathrin (Table 2) . Stathmin protein forms a complex with tubulin [27] and stimulates microtubule disassembly [28] . The interaction between stathmin and HSC70 has been shown using immunoprecipitation in PC12 cells [29] . HSC70 is involved in multiprotein complexes associated in the uncoating of clathrin-coated vesicles [30] .
In addition to clathrin, four other proteins found in fractions eluted after mitotic cells loading have not been described as tubulin binding protein or microtubule associated protein. They were APC2, importin α and β, and LRP130 (Table 1) . Interestingly, the 3 first proteins have been shown to be implicated in mitotic spindle control. APC2 is a member of the Anaphase-Promoting Complex (APC), a large ubiquitin-protein ligase complex [31] . The microtubule associated protein Ase and the kinesin motor protein Kip1 have been found to be substrates of APC in budding yeast and play a role in regulating the mitotic spindle [32, 33] .
The nuclear import receptors, α and β importins, directly regulate the activities of at least 2 microtubule organizing components during mitosis, TPX2 [34] and NuMA [35] respectively.
LRP-130 is a RNA-binding protein, and its biological function is currently suggested to be implicated in mRNA metabolism in both nucleus and mitochondria [36] . Proteins that function in translation have been reported to bind to the cytoskeleton. This association could serve as a mechanism to regulate translation rate or to increase efficiency of translation [37] .
To our knowledge, this study represents the first systematic identification of proteins binding to tubulin dimer in its native form. Other methods will be required to determine if some of these 06/05/2009
Figures Figure 1:
Strategy used to isolate and identify proteins associated to tubulin dimers. YL1/2 antibody was covalently coupled to Sepharose 4B gel (step 1); tubulin dimers (step 2) then cell extracts (step 3)
were loaded onto the column; protein complexes were eluted using V12 peptide solution (step 4),
analyzed by SDS-PAGE and identified using mass spectrometry.
Figure 2:
Tyrosinated tubulin were loaded onto Sepharose 4B column coupled to YL1/2 (anti-Tyr-tubulin)
antibody and eluted (see text). Microtubule assemblies from eluted tubulin (9.5 µM) and from control tubulin (9.5 µM), at 37°C in PEM buffer with 1mM GTP, followed in a spectrophotometer at 350 nm. Figure 3) ; (b) Identified peptides are given as supplemental data. 
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